To investigate the micro-mechanism for the anisotropy in the strength of intact loess in Xining, China, a series of consolidated-undrained shear tests were carried out, with a triaxial apparatus, on intact loess at different shear angles and depths. In this study, a scanning electron microscope (SEM) was used to examine sheared samples and generate their scanned images, which were used to analyze the morphology and the connection mode of soil particles qualitatively. Also, a particles and cracks analysis system (PCAS) was used to estimate the porosity, the probability entropy, and the porosity fractal dimension quantitatively. Test results reveal that the morphology of soil particles was mainly circular or oval at the direction parallel to the natural sedimentary surface. Soil particles were mainly in direct contact. The porosity of the soil was relatively lower when the pores were arranged in a regular pattern. With an increase of the shear angle, the morphology of soil particles gradually became schistose and the connection between soil particles turned into indirect point contacts. The porosity of the soil was gradually enlarged when the pores were not arranged in a regular pattern. The normalized pore size firstly decreased and then increased with the increase of the shear angle. Based on the analysis of the micro-mechanism for the anisotropy in the strength, the relationship between the macro-mechanism and the micro-mechanism for the anisotropy in the strength of intact loess was established and proved.
INTRODUCTION
In the process of soil particle formation, soil particles have irregular shapes under the action of wind erosion, sluicing, and other forces. Normally the long sides of soil particles are parallel to the direction of the natural sedimentary surface. In addition, soil particles are subjected to unequal axial and horizontal forces during the process of consolidation. The above processes cause the differences in the mechanical properties of soil in all directions. These property differences are called anisotropy. Xu et al. (2015) studied the relationship of loess anisotropy with the change of confining pressure by the triaxial test. Their results indicated that the soil showed significant anisotropy when a relatively low confining pressure was applied. However, the quantitative difference on anisotropy was at only approximately 10% under a high confining pressure. Zhou et al. (2013) used a hollow cylindrical torsional shear apparatus to evaluate soft clay at different deflection angles of principal stress under undrained directional shear tests. The test results showed that the internal friction angle and the normalized strength which means the ratio of the maximum stress of shear failure to the average principal stress of clay both decreased first, then increased with the change of the principal stress direction. Oda (1978 Oda ( , 1982 studied sandy soil and found that the strength of the soil could reach the maximum level when the loading direction was perpendicular to the depositional surface of the soil. In contrast, the strength of the soil mass could reach the minimum level and the strength difference could reach 34% when the loading direction was parallel to the depositional surface. Luo et al. (2016) studied the relationship between deviatoric stress and angles associated with the index plane in loess by the triaxial test. Their results indicated that loess showed significant anisotropy, meanwhile, they explored the difference of anisotropy on loess under different depths.
The mechanical properties of a soil are a macro representation of its micro structure. As early as the beginning of the 20th century, Terzaghi (1936) indicated that the effect of soft clay's micro structure should be considered when its engineering geological properties were evaluated. Chen (1989) also suggested that during construction in the loess region of Northwest China, the mesoscopic structure of the soil should not be ignored. Through tests and statistics, proved the feasibility of evaluating the change in the loess structure via its micro structure.
The research on soil micro structure includes qualitative and quantitative methods. The qualitative method focuses on observing, analyzing, and summarizing the phenomenon and behavior of soil at the macro level. By contrast, in the quantitative method, soil particles or pores are analyzed in quantitative terms using the theories of statistics.
Tovey (2012) developed a computer program to study clay quantitatively, which led to many important findings in the field. Fang et al. (2013) used Quanta environmental scanning electron microscopy to analyze the microstructure of loess samples, and he classified the connecting formats of the skeleton particles. Based on the comprehensive analysis results of the macroscopic properties and quantitative microscopic parameters on collapsibility, it concluded that the microstructure characteristics and the collapsibility of loess had a good relationship. used an electron microscope scanner to study the microstructure of loess before and after being sheared using the triaxial apparatus, and the results showed that the average shape factor and the circumference surface integral dimension values had a declining tendency, and the change of pore morphology had a significant effect on the strength of compacted loess. In addition, the degree of soil granulation is related to the strength of soil samples. Nevertheless, the void ratio (the ratio of pore size to particle size) and the strength of the compacted loess change with opposite trends. The change of pore size is a controlling factor to the strength of compacted loess. Hence, the change of loess microstructure before and after being sheared can well explain the phenomena observed at the macro level in the experiment.
Due to the special geographical location and climatic conditions of Qinghai, there were some differences in the particle composition between West Gansu and Qinghai area. There has been limited research on the anisotropy of loess and the explanation for the macroscopic anisotropy of loess via the micro-mechanism lacks. Therefore, to further study the micro-mechanism of the loess anisotropy, a TFB-1 triaxial stress-strain controlled apparatus for unsaturated soil was used in this study to conduct a series of consolidated undrained triaxial shear tests on intact loess under different depths and angle (0°, 30°, 45°, 60°, 90°) relative to the index plane and a JSM-6610LV scanning electron microscopy was used to qualitatively analyze the sheared samples, at the same time, a particles and cracks analysis system (PCAS) was used to obtain the scanned images with the quantitative methods. This paper was to investigate the micro-mechanism for the anisotropy in the strength of intact loess in Xining, China.
TEST MATERIALS AND METHODS

Test materials
The intact loess used in this study was taken from 3 to 8 meters below the ground surface, in a typical Q 3 loess construction site in north of Xining, Qinghai, China. The samples were mainly composed of silt and had brown or yellow in color. The physical properties of the loess obtained from soil lab tests are shown in Table 1 . 
Test method
The mechanical properties of loess are greatly influenced by dry density and moisture content Luo et al., 2015; Chang et al., 2015) . To obtain accurate test data, this study used the titration water injection method (Chen et al., 2011) to control the moisture content (14%) and maintained the difference in the dry density of the loess to be less than 0.02 g/cm 3 in single soil sampling.
Assume that the vertical surface of the natural sedimentary soil was the index plane. To study the anisotropy of the native soil, samples were prepared by cutting the samples in an angle  associated with the index plane . First, this study used the TFB-1 stress-strain controlled triaxial apparatus for unsaturated soil from the Nanjing Soil Instrument Factory Co., Ltd for a series of consolidated undrained triaxial shear tests on intact loess. The triaxial tests used a displacement rate for loading at 0.08 mm/min. If the soil samples did not have strain softening, the test was terminated until the axial strain reached 20% (the Ministry of Construction of the People's Republic of China, the Soil Testing Standard, 1999).
Afterwards, two rectangular specimens in the dimension of 2 cm × 1 cm× 1 cm (length × width × height) were cut out of the sheared sample, and a 2 mm groove was created by cutting into the middle of the long sides of each specimen (Figure 1) . Before being scanned, the specimen was split into two parts along the groove by hands, and the part with a relatively flat and smooth cross section was chosen to be the specimen used in the following procedures.
The chosen specimen was sprayed and scanned, with the uneven parts ignored, after which five to six pictures at different amplifying levels were obtained. These microscopic pictures were analyzed with qualitative and quantitative methods. 
ANALYSIS ON ANISOTROPY OF LOESS MICROSTRUCTURE
The study of soil microstructure is to amplify local soil elements, observe and analyze the differences between different soil particles and between different pores. Related software was also used to analyze the microstructure of the loess with a quantitative method. Figure 2 shows the scanned images of the soil sampled and the marked graph of the connection mode of skeleton particles from a depth of 5 m. The analysis of the microstructures of the soil samples in all directions show that most of the soil particles were granular particles and few particles were flocculated. The shapes of soil particles in the 0° (relative to the index plane) sample were mostly circular or elliptic on the observing plane. Soil particles with larger area had small pores between particles. With the increase of the angle relative to the index plane, the soil particles show flake on the observing plane, and the area of soil particles decreased gradually. In addition, the number of large pores or trellis pores increased significantly. The particles and pore shapes on intact loess showed a significant anisotropic behavior. The connection mode of soil particles (i.e., the contact relationship between particles) has a significant effect on the mechanical properties of loess. pointed out that soil particles are hard to be destroyed under external forces because they have high strength. Therefore the key factor influencing the strength of the soil is the connection mode between particles. Fang et al. (2013) studied the microstructure of loess samples, and proposed that the connection mode of skeleton particles could be divided into four types, including direct point contact, direct face contact, indirect point contact, and indirect face contact, which were marked with number 1, 2, 3 and 4 respectively as shown in Figure 2 . Analysis of the scanned images from each degree relative to the index plane showed that the direct face contact was mostly seen at a smaller angle, the direct point contact was mostly seen at a larger angle, and the indirect contact types increased with the increase of angle. The connection mode of skeleton particles of intact loess showed a significant anisotropy behavior.
Qualitative analysis on loess microstructure for anisotropy
Quantitative analysis on loess microstructure for anisotropy
(1) The porosity represents the proportion of pores in soil, which is defined as:
where e A -the pore area in an image and A -the total area of image. When the porosity is between 0% and 100%, large porosity means a larger number of pores in the soil.
(2) The probability entropy is a parameter reflecting the pore order, which is defined as:
（2）
where i m -the number of pores in the ith area in total n areas from 0° to 180° and M -the total number of pores.
Its value ranges from 0 to 1, and a greater value means more obvious disorder of the pores.
(3) The porosity fractal dimension value represents the normalization degree of pores, which reflects the difference in soil pore sizes and is defined as:
A greater value means a lower normalization level and a larger area of pores.
A particles and cracks analysis system (PCAS) at Nanjing University was used to analyze the scanned images with the quantitative methods. From these analyses, three curves showing the relationship between the above quantitative parameters and different angles relative to the index plane were plotted and are presented in Figures  3, 4 , and 5. , and 5 could show that the porosity of the soil and the probability entropy increased with an increase of the angle relative to the index plane. The porosity fractal dimension value reached the minimum level at 45° of angle, and the value at 90° was greater than that at 0°. It is also shown that the number and the order of pores increased with the increase of the angle relative to the index plane, and the normalized degree of pores increased after its decrease.
There are mainly two reasons for the above phenomenon. First, normally the long sides of soil particles tend to be oriented parallel to the direction of the natural sedimentary surface due to the action of its own gravity and other external forces. Observed from the direction parallel to the natural sedimentary surface, the soil particles show large particle size and small porosity. Second, in the process of triaxial shear, soil particles normally experience relative movement under the action of an external force; however, since the movement range of soil particles is limited under a long-term stress, the arrangement particles remains relatively unchanged.
RELATIONSHIP BETWEEN MACRO-MICRO MECHANISM AND MICRO-MECHANISM CONCERNING THE ANISOTROPY OF THE STRENGTH OF INTACT LOESS
The relationship between the deviatoric stress and the angle  at the same strain level could be established using the data from triaxial shear tests. Figure 6 shows the relationship between the deviatoric stress and the angle  at different depth and strain level. Figure 6 shows that when at the same axial strain, the deviatoric stress of the soil sample reached the minimum level at 45° or 90° but the maximum level at 0°. The macroscopic strength anisotropy of loess and the microscopic results were analyzed in this study. When the soil was subjected to an external force, it deformed axially. The main factor to limit the deformation was the power needed to change the arrangement of soil particles from loosely-grained to densely-grained. When the angle relative to the index plane was 0°, the contact mode between soil particles was mainly direct face contact and the number of pores was small; therefore, the power needed for the axial deformation was relatively high. In other words, at the same axial strain at the macro level, the deviatoric stress was relatively high. On the other hand, with the increase of the angle relative to the index plane, the connection between the soil particles gradually became indirect or indirect point contact and the number of pores increased. Thus, relatively low power was needed during this process. In other words, at the same axial strain at the macro level, the deviatoric stress was relatively low.
Deformation occurs in soil under an external force, mainly due to the movement of the soil particles, which is related to the pore shape and pore area. If soil particles are arranged in an order, they do not need to change their original motion track, so the power needed during the deformation is relatively low, as compared with that in the poor order. From the macro perspective, at the same axial strain at the macro level, the deviatoric stress is relatively low.
CONCLUSIONS
This study investigated the micro-mechanism for the anisotropy in the strength of intact loess in Xining, China. A series of microscopic tests and consolidated-undrained shear tests were carried out on intact loess at different angles and depths using a triaxial apparatus. The following conclusions can be made:
(1) The particle arrangement of loess showed significant anisotropy.
(2) Microscopic quantitative parameters, including loess porosity, probability entropy, and porosity fractal dimension value, all changed gradually at different angles relative to the index plane. For this loess, proportion, order, and area of pores all showed the anisotropy.
(3) A comprehensive analysis of the loess strength anisotropy and the micro structure was done in this study. The micro mechanism for the loess macroscopic strength anisotropy was found, and the relationship between the macro-mechanism and the micro-mechanism for the anisotropy in the strength of intact loess was confirmed.
